We have recently demonstrated a rectification effect induced by a magnetic field in circular ballistic channels of a two-dimensional electron gas (2DEG). 1 The effect was highly sensitive so that a DC voltage appeared in the device even in the absence of an external rf excitation. That is, the nonequilibrium background noises that inevitably exist in the environment were rectified. The device is therefore attractive for energy recycling. It is important in this respect to raise the operation temperature to room temperature (RT).
In Ref. 1, the device produced using a GaAs-(Al,Ga)As heterostructure operated up to about 77 K. Ballistic transport requires the channel being shorter than the mean free path of the 2DEG. A straight forward way to increase the operation temperature is, therefore, to reduce the device size. This is, however, problematic for the GaAs-(Al,Ga)As heterostructures since the lateral depletion of carriers from the sidewall of a channel mesa is large (typically over several hundred nanometers). 2 An alternative method to define narrow channels is the split gate technique. 3 The depletion width can be almost zero with an optimal reverse bias applied to the gates. However, the scattering from the channel boundary realized using the split gate technique is almost specular 4 in contrast to diffuse boundary scattering that is needed for the rectification effect. 1 It is desirable to fabricate the channel using Ar ion milling in order to make the boundary scattering diffuse. [4] [5] [6] The significantly small depletion width (below 30 nm) 7 makes (In,Ga)As-InP heterostructures promising to produce extremely small rectification devices for RT operation. Furthermore, while the low-temperature mobility in the (In,Ga)As-InP heterostructures is much smaller than that in the GaAs-(Al,Ga)As heterostructures due to the alloy scattering, the mobility relationship is the other way round at RT as the polar optical phonon scattering becomes dominant. Apart from our specific case, the (In,Ga)As-InP heterostructures have wide applications in optical and electronic devices.
They are used in lasers, photodiodes, and high-speed field effect transistors. The high speed electronics based on the high RT electron mobility makes this material system indispensable for manufacturing devices that work in the range of GHz and THz frequencies in integrated optics. 8 In this paper, we fabricate narrow channels in (In,Ga)As-InP heterostructures using Ar ion milling. It turns out that InP becomes conductive after ion milling as free carriers are generated by sputtering-induced crystalline defects. We establish a procedure to eliminate the electrical conduction in the etched area while preserving the narrow channels. The low-temperature transport properties in the submicron channels are examined.
We first investigate the carrier generation when InP is sputtered by Ar ion milling. The InP etching progresses in a highly inhomogeneous manner generating nanopyramids on the surface, as reported previously by a number of groups. [9] [10] [11] [12] This morphology is related to the P deficiency in the sputtered surface and has been explained by preferential removal of P resulting from its relatively small binding energy. 12 In our case, the InP surface became black when the sputtering was longer than 1 min as a consequence of the strong roughening. The inset of Fig. 1 shows a cross-sectional scanning electron micrograph when the ion milling was carried out for 10 min. Here, the acceleration voltage was 0.7 kV. As the etching got deeper, the nanopyramids evolved into remarkably narrow nanowires. The roughened InP surface is visible at the bottom of the nanowires.
Most of the studies on the Ar ion milling of InP focused on the morphological aspects such as the steepness of the etched mesas and the surface roughness. Little attention was therefore paid to the electrical properties of the sputtered surface, except for the feasibility to realize a Schottky gate for field effect transistors. 13 While doped GaAs, for instance, becomes nonconductive after Ar sputtering as sputteringinduced defects trap carriers, the behaviour is opposite for InP. InP becomes conductive as the majority of the defects a)
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14, 15 We point out that the black color of the ionmilled surface implies metallic conductivity. Figure 1(a) shows the voltage-current (V-I) characteristics of the ion-milled InP surface for two different sputtering times. In these measurements, tungsten tips were gently placed on the surface without preparing contact pads of, for instance, Au. We employed here an Fe-doped InP(001) wafer, and so, the material was semiinsulating before the sputtering. For the 0.5 min ion milling (dotted curve), the conductive surface exhibited a Schottkylike characteristic. As the sputtering time was increased to 1 min, solid curve, the V-I characteristic became almost linear.
The carrier generation by Ar ion milling was similarly observed for (In,Ga)As. We have examined the effect in three In x Ga 1-x As layers grown on GaAs by molecular beam epitaxy with x ¼ 0.4, 0.45, and 0.7. For x ¼ 0.45, the initially high-resistive layer became conductive after ion milling, as shown by the solid curve in Fig. 1(b) . For the larger In content x ¼ 0.7, the layer was already conductive in the asgrown condition due to the surface electron accumulation similar to InAs. Almost no change in the resistance was detected with ion milling. This case is shown by the dashed curve in Fig. 1(b) . The material property started to resemble that of GaAs as x was lowered. The surface resistance decreased only slightly with ion milling for the case shown by the dotted curve, indicating that the transition to the GaAs-like characteristic occurs at x $ 0.4.
To gain information on the surface conduction mechanism, we performed Raman spectroscopy. In Fig. 2 , we show Raman spectra of InP(001) wafers which were exposed to Ar ion milling for 0, 1, and 2 min. The scattering by transverse optical (TO) and longitudinal optical (LO) phonons gives rise to first-order (second-order) Raman peaks in the spectra, denoted as TO (2TO) and LO (2LO) in Fig. 2 , respectively. Note that the occurrence of the TO phonon line is forbidden by symmetry selection rules for backscattering from the (001) surface. 16 The Raman spectrum of the pristine InP sample indeed exhibits only a weak TO phonon line.
In the spectra of the ion-milled samples, the relative intensity of the TO phonon line is increased and a broad spectral feature denoted LO-phonon plasmon (LPP) occurs in the frequency range above the LO phonon line. The activation of scattering by TO phonons indicates increased lattice disorder and/or coupling of light into the InP nanopyramids and nanowires through differently oriented facets. 16, 17 The broad Raman feature LPP becomes more pronounced for longer sputtering times and is attributed to scattering by coupled LOphonon plasmon (LPP) modes which occur in the presence of free charge carriers. 18, 19 The observation of the plasmonrelated excitations in the Raman spectra unambiguously evidences that the ion-milling-induced conduction takes place in InP. The appearance of a free-carrier gas is attributed to the formation of an In-rich surface where donor states are created plausibly by P vacancies. 19 The ion-milling induced free-carrier gas is expected to exist only in a thin layer near to the InP surface. In Fig. 3 , we show Raman spectra of an InP sample subjected to ionmilling recorded with different optical probing depths 1/2a (where a is the optical absorption coefficient) achieved by varying the excitation wavelength k. Indeed, the LPP band is found to be the weakest in the Raman spectrum recorded with the largest optical probing depth (1/2a ¼ 85 nm for k ¼ 633 nm). Accordingly, the non-uniform density of the carriers in the depth direction explains a relatively large width of the LPP band. The ion-milling induced red-shift of the TO and LO phonon lines, which is most evident for The measurements were carried out by placing W needle tips on the surfaces with a gap of $5 mm at RT. In (a), the sputtering time was 0.5 and 1 min for the dotted and solid curves, respectively. The sputtering time was 4 min in (b). In x Ga 1-x As layers with x ¼ 0.4 grown on GaAs(001), x ¼ 0.45 grown on GaAs(111)B, and x ¼ 0.7 grown on GaAs(001) were employed for the dotted, solid, and dashed curves, respectively. For the dashed curve, the current is multiplied by a factor of 0.014. The inset shows a cross sectional view of an InP(001) wafer sputtered for 10 min.
FIG. 2.
Raman spectra from Fe-doped InP(001) wafers excited at a wavelength of 405 nm. The ion milling was carried out for 1 and 2 min for the red and green curves, respectively. A rapid thermal annealing was carried out at a temperature of 525 C for the blue curve for 1 min. The black curve obtained from an unprocessed wafer is shown as a reference. The first-and second-order peaks associated with TO and LO phonons of InP are indicated. 26 The broad band induced by the sputtering is marked as LPP. A featureless background signal has been subtracted for clarity. k ¼ 473 nm, is ascribed to tensile strain and phonon confinement in the InP nanopyramids and nanowires. 16 There are reports where Ar ion milling was carried out prior to metallization of ohmic contacts. 20, 21 This was shown to be effective to reduce the contact resistance. The improvement was attributed to the surface cleaning. However, it is more likely that the carriers generated on the surface were responsible for the low contact resistance. An advantage of the latter circumstance is that ohmic contacts can be prepared by merely depositing a metal such as Au or Pt instead of AuGe in combination with the "damaging" scheme. This increases the temperature tolerance in the device fabrication process as Au/Pt endures higher temperature than AuGe.
Smooth InP surfaces can be obtained by reactive ion etching using, for instance, a mixed CH 4 /H 2 gas (presumably with the surface conduction problem being absent). 22, 23 We emphasize that we choose to use Ar sputtering as it is necessary to introduce diffuse boundary scattering for the rectification devices. 1 We now demonstrate a procedure to fabricate nanometer-scale channels in (In,Ga)As-InP heterostructures using Ar ion milling with an elimination of the surface conduction. In principle, we try to restore the crystalline order by annealing to regain the high resistivity of undoped InP. The top of the sputtered surface is, however, damaged beyond the possibility of recovery. We thus get rid of this part by wet chemical etching. While a concentrated HCl solution etches InP, the etching becomes negligible when the solution is diluted with H 2 O. Damaged InP is etched even by such a weak solution. We utilize this selectivity to exclusively remove the heavily damaged InP. To this end, we used a 3% HCl solution. The samples were dipped in the solution for more than 15 min. Note that the etching time is not critical as the etching stops when the crystalline damage at the etch front is less than a certain degree. The elimination of the heavily damaged top InP layer was followed by an annealing of the samples at a temperature of 475 C in a N 2 atmosphere for 1 min, where the crystalline order in the remaining moderately damaged part was recovered.
In Fig. 4 , we show scanning electron micrographs of narrow channels prepared in an InP/(In,Ga)As/InP double heterostructure using the afore-mentioned method. In the heterostructure, a 10-nm-thick In 0.8 Ga 0.2 As quantum well was buried underneath a 72-nm-thick InP layer. Al masks were used in the Ar ion milling. They were defined using electron-beam lithography and the lift-off technique. The ion milling was carried out for 6 min. The Al masks were removed following the ion milling using a 0.8% NaOH solution, which does not etch the (In,Ga)As-InP heterostructure. As one finds in Fig. 4(b) , the nanowire formation shown in the inset of Fig. 1 affects the channel geometry when the channel width is less than a few hundred nanometers. This problem can be avoided by increasing the sputtering depth as the nanowires become extremely narrow.
We have examined the magnetotransport properties in the channel shown in Fig. 4(a) at a temperature of 4.2 K. In Fig. 5(a) , we show the symmetric and antisymmetric components of the magnetoresistance, i.e., the longitudinal resistance R xx and the transverse resistance R xy , respectively. The plot of the Landau level filling factor versus inverse magnetic field B
À1
, Fig. 5(b) , evidences quasi-one-dimensional electron confinement in the channel. 24 The solid curve shows a fitting result using the theory in Ref. ). Figure 5 (c) shows the variation of the zero-magneticfield resistance R with the width of the channels. Here, the length L of the channels was 10.5 lm. The depletion width is determined to be 6 nm from the dependence shown by the solid line, i.e., the depletion is negligibly small in the (In,Ga)As-InP heterostructure. The fabrication procedure involving the Ar ion milling is thus demonstrated not to cause any serious depletion. The electron mobility in the narrow channels is obtained to be 6.2 m 2 /V s, which is smaller than the value 13.1 m 2 /V s before the processing. The disorder scattering induced by the ion milling is seen to be not negligible. Nevertheless, the mean free path in the narrow channels is estimated to be 0.73 lm. Ballistic transport can be anticipated in the rectification device shown in Fig. 4(b) .
Provided that the annealing can be performed at higher temperatures, we can use weaker HCl solutions to reduce the amount of the removal of the damaged InP. However, InP becomes conductive if annealing temperature is higher than 500 C due to the decomposition of InP. We show by the blue curve in Fig. 2 the Raman spectrum from InP(001) subjected to annealing at 525 C for 1 min. The spectrum is almost identical to that from the undamaged InP in the range for the LPP band, indicating that the electrical conduction caused by the high temperature annealing is not due to carrier generation in InP. The InP surface is hence indicated to be covered by a continuous In film. (Note that we do not rule out the possibility that the ion-milled InP surface was covered by a similar In film, providing an additional conduction channel.)
In conclusion, we have investigated generation of carriers in InP and (In,Ga)As caused by Ar ion milling. We have demonstrated a procedure to deal with the surface conduction in fabricating nano-sized conduction channels in (In,Ga)As-InP heterostructures using Ar ion milling. We have shown that the depletion width for the channels prepared in an InP/(In,Ga)As/InP double heterostructure was smaller than 10 nm. 
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